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Abstract 

An analysis is presented of 10 W + 2 3 jet events, each with evidence for the presence of a b quark, 
that were recently observed by the CDF collaboration. Seven of these events include a fourth jet 
and can be explicitly reconstructed as tf production. The best estimate of the top quark mass is 
!vff = 174 f lo?:: G&‘/c’. A study has also been performed to see if the kinematical properties 
of events with W + 2 3 jets gives evidence for top production. An excess of events with large jet 
energies. compared to that expected from direct production of W + 2 3 jets, is observed. A large 
fraction of these events also contain a b-quark and a fourth jet. 

1. Introduction 

In a previous paper [l] and talk presented at this 
conference [Z], evidence for ti production from the 
Collider Detector at Fermilab (CDF) experiment was 
presented based on the observation of events with two 
high PT leptons and missing Et@*) and W + > 3 jet 
events with a b quark. The presence of the b quark was 
indicated by the existence of either a secondary vertex or 
an additional, low PT lepton. In this paper we present 
a determination of the top quark mk9s using the W 
+ jet + b events which include a fourth jet, and also 
present additional evidence for tap production based on 
kinematics of observed W + jet events. 

2. Mass Determination 

Selecting events with E, (electron) > 20 GeV (or 
PT(muon) > 20 GeV), +Zt > 20 GeV, and three jets with 
El > 15 GeV, 171 < 2.0 yields a sample of 52 W + > 3 
jet events: 10 of these events exhibit a b quark tag, with 

three of the events having two tags. t The probability 
that these events, plus the two observed dilepton events, 
are produced by a background fluctuation is < 0.26%. 
To investigate whether these events are consistent with 
being produced by ti production and to determine to 
what extent the value of ,441 may be determined. we 
require the presence of a fourth jet so that a one-to-one 
correspondence may be made between each jet and one 
of the partons in the reaction 

ti - lub + qtjb (1) 

Tobbtain a higher acceptance, we require the fourth jet 
to satisfy E, > 8 GeV, /qj < 2.4; Monte Carlo studies 
indicate that for hf, = 170 GeV 86% of ti events which 
have three jets with Er > 15 GeV, 171 < 2.0 will also 
have a fourth jet with Et > 8 GeV, 171 < 2.4 while only 
60% will have a fourth jet with Et > 15 GeV, 171 < 2.0. 

+ For the rckclion of this sample of events, which is described in 
detail in [I], the jet energin and missing tran.we~~e energy, &, 
have not been corrected for ‘I and 4 dependent variations in the 
calorimetry response or for the energy whkh is outside the cone 
size R = ,,(A# + (A# = 0.4. 
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Con&Lent with this expectation i of the 10 observed 
events have a fourth jet. The estimated background in 
this sample of events is 1.4’:~:. 

We associate each of the observed jets with one of 
the final state quarks in the reaction: 

PP - tiX-WbW6X 
- lvbp&X (2) 

If a jet has a b tag, then it is required to be one 
of the b quarks. There are then six different possible 
assignments of the jets to the quarks, and in addition, 
there are two possible solutions for the longitudinal 
momentum of the neutrino. The measured energies 
of each jet are corrected for detector effects and an 
additional correction is made to estimate the energy of 
the original parton; a different correction factor is used 
depending on whether the jet is assigned to a light quark 
from the W or to a b quark, and on whether the jet has 
a soft lepton tag or not. The Et of X is taken to be the 
total observed transverse energy not associated with the 
jets or lepton (multiplied by a correction factor of 1.6), 
but the longitudinal momentum and effective mass of X 
are left as free parameters. We also require Aft = Mi 
and that the decay products of the W’s reconstruct to 
‘Mw. The resulting fit is overconstrained (2C) so that 
10, may be determined. Of the twelve different possible 
fits for each event, the one with the lowest x2 is chosen. 

We have tested this procedure by applying it to 
ti events generated with the Herwig program [3] and 
passed through a simulation of the CDF detector 
followed by the same reconstruction used for data. 
The distribution of reconstructed masses for events 
generated with Aft = li0 GeV is shown in Figure 1; 
the central value is reconstructed at 168 GeV/cZ and 
the r is 23 &V/c’. 

For comparison, the distribution obtained if one 
always uses the correct parton-jet assignments is 
shown by the dashed line. We find that the fitting 
procedure leads to the correct parton-jet assignments 
in only 31% of events; however, while for events with 
incorrect assignments the reconstructed distribution is 
significantly wider than that shown by the dashed 
curve, the central value is not significantly altered. In 
comparison, Figure 2 shows the mass distribution of W 
+ 2 3 jet events, generated according to the leading 
order matrix elements [4] and reconstructed as if they 
were ti; the distribution is peaked at significantly lower 
values, approximately 140 GeV. 

Monte Carlo studies indicate that 94% of top events 
should yield a good fit with x2 < 10. However, W + 
jet events also yield a good fit 63% of the time because 
of the large number of combinations of jet assignments; 
thus it is not possible to discriminate effectively between 
ttand W + jets on the basis of there existing a good fit. 

Top Mass (G&‘/c*) 

Figure 1. Reconstrwted top -S distribution for Monte Carlo 
events generated with Mt,, = 170 GeVJ2 The lull histogram 
corrnponds to rhe bear fit obtained by the fitting program when 
requiring that one of the b jet. is a b in the fit. The dashed 
bistopamnferj Lo the fit with the comect sasignment for each 
of the jet.. 

The masses reconstructed for the 7 data events are 
shown by the solid line in Figure 3; the distribution 
bears more resemblance to that expected for top 
with Mt approximately 170 GeV than it does to the 
distribution for W + jets. 

To determine the best value of the top mass from 
the seven events, and to check whether the observed 
distribution is consistent with that expected, we have 
performed a fit to the seven events using a superposition 
of the n&s distribution, f8(m,Mt), expected for 
top (Figure 1) and that expected for the W + jet 
background, fs(m), (Figure 2). The likelihood function, 
L, is defined as 

-+y e-(n.tnsl,(n, + nb)N 
L=&? 

N! 

fi (nafdmi) + n,f,(m;,M,)) 

i=* (“b + “8) 

where nb and n, represent the number of background 
and signal events, N is the number of observed events 
(7), Nb is the estimated number of background events 
(1.4), and oh is the background uncertainty, set equal 
to 1.6 for a Gaussian approximation to the asymmetric 
errors quoted above. This likelihood function is 
evaluated for several different values of Mt; the results 
are shown in the insert in Figure 3. 

The minimum value of L occurs for M, = 174 
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Figure 2. Reconstructed m.ss distribution for W + multijet 
bfonre Carlo events intermeted M ti. 

GeV, and the statistical error, based on an increase 
in InL of 0.5 and taking into account statistical errors 
in the Monte Carlo, is 10 GeV. We have checked 
whether the value of ~~~ obtained is reasonable by 
performing a large number of seven event Monte Carlo 
experiments, each with the number of background 
events, na, generated according to a Poisson distribution 
with mean 1.4+ 1.6. The masses, m, of the background 
events are distributed according to fb(m) and the 7 - 
ne signal events are distributed according to f,(m, M,). 
The most probable error is about 8-12 GeV in good 
agreement with the value of 10 GeV observed for this 
experiment. The likelihood observed for the fit to the 
data is also in good agreement with that expected from 
the Monte Carlo experiments. 

We have studied systematic effects in the determina- 
tion of Mt including (If uncertainty in the energy scale 
of the calorimeter, estimated to range from 10% at 8 
GeV to 3% at 100 GeV, (2) uncertainty in the correc- 
tion for energy outside the cone of the jet, taken to be f 
10 %, (3) uncertainties in the shape of the background, 
(4) biases in the jet energies due to the tagging algo- 
rithms, and (5) variations due to different fitting proce- 
dures. The results are summarized in Table 1, and the 
uncertainties are added in quadrature to yield a total 
systematic error on Mr of ‘ii GeV/cZ. 

Top Mass (GeV/c2) 
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Top Mass (G&‘/c’) 

Figure 3. Top maa distribution for the data (solid histogram). 
the W + jets background (dots), and the mm of background + 
Monte Carlo ti for Mt, = I75 G.V/c= (darhed). The 
ba&gound distribution is normalied to the 1.4 be&ground 
events expected in the masait rample. The inset shows the 
likelihood of the fit cs a function of top meas. 

Sy*tematic uncertaintics (7) 
a. Jet Energy Scale (detector effects) 1”s 
b. Gluon radiation effects on parton energy 4.4 
e. Different backpounds +5 3 
d. EfTecta due to tss&s algorithms 

-,.* 
1.4 

e. Diiiercnt likelihood fits 1.1 

Table 1. Systematic uncertaintiesin the top mass mcsuement. 

Thus our best determination of the top quark mass 
from these events is: 

M, = 174 f 10’;;GeV/cZ (4) 

3. Event Kinematics 

We have also investigated whether the kinematic 
properties of the events, without requiring a b tag, yield 
evidence for tt production (51. Alternatively, one may 
ask what cuts might provide a substantially enriched 
sample of top events. For this study we correct the 
jet energies for detector non-uniformities and energy 
outside the cone of the jets (before final selection of the 
events) to enable the most accurate comparison with 
the predicted kinematic distributions for W + jets. We 
requireg; > 25 GeV, whereq: is the missing E, after the 
jet energies are corrected, and also add a requirement 
on :he transverse mass of the W, MT > 40 GeVjcz to 



Figure 4. do’ldErzd& for QCD W + 2 3 jet and top 
(A& = 170 GeVjcz) Monte Carlo events. 

further minimize the background from non-W events. 
Thejets are required to have Et > 20 GeV and 1’11 < 2.0, 
and we also require a minimum separation between the 
jets, 16RI > 0.7, to minimize uncertainties in infra-red 
divergences in the calculated rates. 

We have investigated a number of kinematic 
variables. including Etl, Ef2, EL3 (the energies of the 
jets with the highest, second highest, and third highest 
energies), cos0’ (the angle of each jet with respect to 
the beam direction in the center of mass system of the 
jets + lepton + W), the aplanarity, and the existence 
and properties of a fourth jet. We find that E,z and Et3 
are among the most powerful variables for improving 
the signal-t-noise ratio in a W + 2 3 jet sample of 
events; this is indicated in Figure 4 which shows the 
expected distribution of events, as a function of these 
variables, for both W + jet production and for the 
production of ti. The former process has been simulated 
using the VECBOS program [4], described in more 
detail below, while the latter process is simulated using 
HERWIG. Requirement of a fourth jet with transverse 
energy greater than lo-15 GeV is also a powerful 
discriminant between W + jet events and ttproduction; 
however, to maintain the maximum signal size and to 
minimize systematic errors, we initially do not make this 
requirement. 

Another variable which is useful to improve the 
signal to background is 8’, the angle of the jets with 
respect to the beam direction in the center ofmomentum 
frame of the jets and W; as the longitudinal momentum 
of the neutrino is unkrrown, we zwune it to be zero in 
computing cost?‘. The cos6” distribution is expected to 
be significantly more peaked in the forward direction 
for W + jets than for ti. We define a “signal” 
or “top- enriched” sample by requiring 1 co8 em,,,1 < 
0.i and a “control” or “background enriched” sample 
with 1 cos S;.,l > 0.7; the variable Icost&,,, is the 
largest value of 1 cos0’I for any of the three jets. The 
samples contain 15 and 31 events respectively. On an a 
priori basis these two samples are expected to contain 
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Figure 5. ET distributiona of W+>Z jet data (points) and 
Vecboa W + > 2 jet events (biatogamr). (a) leading jet. (b) 
second to le.&g jet. (c.d) ET distributions&x events with 
~cosU&l < 0.7. 

approximately equal numbers of top events, but the 
background enriched sample is expected to contain two- 
three times as many W + jet events. 

9.1. W + jet Events: Predictions and Obserualions 

A calculation of the properties of W + jet events 
produced via “standard” QCD interactions has existed 
for several years at the level of the leading order matrix 
elements at tree level for production of a W with n 
final state partons [4]. These matrix elements have 
been incorporated into the program Vecbos to allow 
generation of W events with n = 0,1,2,3,4 partons. 
In order to avoid infrared divergences, cuts are applied 
in the event generation requiring &(parton) > 10 
GeV, Iq(parton)l < 3.5, and I6R(parton - parton)l > 
0.4. Two different fragmentation models. one of 
which includes simple fragmentation a la Field and 
Feynman [6] and one which includes parton evolution 
and fragmentation a la Aerwig, have been utilized; they 
give very similar results. Numerous previous tests have 
indicated good agreement between the predictions and 
experimental observations [7]. Perhaps the best test is 
provided by the recent CDF W+ 2 2 jet data sample. 
A comparison of the predicted and observed Erl and 
& distributions, presented in Figure 5. indicates quite 
good agreement. For this comparison, the QZ scale for 
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Figure 6. Comparison of the predicted (solid line) and obrerved 
(data points) In(aLOco) distributions (see text) for W+ > 2 jet 
We”tS. 

m, is chosen to be < Pt >‘, the square of the average 
value of the P, of the outgoing partons; this scale is 
also used for comparison of the predicted and observed 
distributions for three jet events. Use of the scale 
M& which yields slightly “harder” distributions, gives 
similar results. A comparison of the predicted and 
observed energy distributions for jets in Z+2 and Z+3 
jet events also shows good agreement. 

Before discussing the W + 3 jet sample we introduce 
a variable which conveniently allows representation of 
the likelihood that an event with a given E,t and Et2 is 
consistent with the expected parent distribution. The 
absolute likelihood is defined as 

aL = l/u(do/dE,,) x I/u(da/dE,z) (5) 

We utilize a factorized product of the Et1 and Et2 
distributions for simplicity and have verified that the 
absence of correlations does not significantly affect the 
analysis. The predicted and observed distributions of 
aL are shown in Figure 8. Events with relatively low 
jet energies, near the peak of the energy distributions, 
have fairly large likelihoods (In(aL) > -3 to -2) while 
events with large energies, on the tail of the energy 
distributions, have small likelihoods (ln(oL) < -5 to 
-4). Again reasonably good agreement is obtained. 

We now compare the observed (Figure 7) and 
predicted (Figure 8, dashed line) energy distributions for 
the events in the “signal enriched” sample of W + 2 3 
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Figure 7. Jet energy diatributiolu for the 15 events passing the 
+ml sample selection NLI. There is one overtlaa in &(jetl). 

jet events; it appears that the data has a significantly 
larger number of events at high energies than would 
be expected. The data is consistent with a significant 
fraction of the events coming from tf production with 
MC = 170 GeV; the Et distributions for this process are 
also shown in Figure 8 (solid line). 

To test quantitatively the consistency of the data 
with the W + 2 3 jet expectations, combining the 
information from both Et* and Ef3, we define an 
absolute likelihood for three jet events in an analogous 
fashion to that for two jet events: 

.LQcD = l/a(da/dE,a)l/a(du/dE,~) (6) 

The expected and observed ln(~zL*~~) distributions for 
the W + 2 3 jet enriched sample (control sample) are 
shown in Figure 9; the data again agrees reasonably well 
with the expected distribution. However, the observed 
distribution for the signal or top-enriched sample, where 
the ratio of top to W + jet events is expected on a 
priorigrounds to be between 12 and 1:1, does not agree 
well with the expectations as is shown in Figure 10. 

There is a clear excess of events at small likelihood 
(c~L*~~ < -6). One may ask what the distribution of 
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top events would be in terms of the variable aLQcD; 
this is shown in Figure 11 for a range of top masses. 

A convenient way to represent the relative likelihood 
that an event is from W + 2 3 jets or top production is 

VECBOS W+3 jets 6 
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Figure IO. Distribution. of h(oLQCD) for W + > 3 jet ewnts 
with I cos(S~ar)I < 0.7 (signal .ample): V&boa 6,tc Carlo 
(left) and data (right). 
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Figure 11. Expected diatribucbns of Lajet ti events a a 
fuctionaf III(~L)Q=~, for a number of sr~umed top masses 

to define the quantity: 

rL = .L=op/aL*Co (7) 

The variable rL combines information from Et2 and Et3 
and is equivalent to drawing contours in the E+?-Et3 
plane to select events predominantly from one process 
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hop Isajet (solid bistogm), normalized to 1. (b): data (solid 
hintogrm) and Vecbos (dotted histogam). Vecbos is nomalized 
to data in the region In(rL) < 0. 

or the other (as motivated by Figure 4); in a sample 
with equal numbers of W and tt, events with In(rL) > 0 
are most likely to be from ti production while those 
with ln(rL) < 0 are most likely to be from W + 2 3 
jet production. In defining this relative likelihood, it 
is of course necessary to choose a top mws in order 
to determine the expected &, Et3 distributions. As 
indicated in Figure 11 the results are not very sensitive 
to the particular rnaa chosen; we choose A& = 170 GeV 
in accordance with the results repprted in the first half 
of this paper and the results from stud& of electroweak 
interactions. 

Figure 12 (a) shows the expected ln(rL) distribu- 
tions for W + 2 3 jet events, and for It production with 
M, = 170 GeV as generated with the ISAJET program. 
Figure 12(b) shows the observed distribution; there is a 
clear excess of events at In(rL) > 0 over what would be 
expected from W + > 3 jets alone. 

One may compute the probability that the observed 
data is a fluctuation of the distribution expected for 

6 
Y 
EJ 4 

Lz 
2 

0 t--*--’ ’ I 8 I I I -7.5 
-s 

I 
-25 0 2S S 7.S 

Ln(rL”70) 

Figure 13. Distributions of h(rL) for the conrrol sampk. (a) 
DiatribuJionaof Vecbos W+3 jet (dotted histogram) and fsajet 
top event. (solid histop.,,,), normalized to 1. (b) 3, dsra e~mts 
(solid histogam) versus Vecboa (dotted. with sLatirtical erron). 
‘feeboa haa been nommlized to data in the region ln(rL) < 0. 

W + 2 3 jet events from the binomial probability 
that a sample of 15 events, distributed according to the 
dashed curve in Figure 12 (a), yields 10 or more events 
with In(rL) > 0; the probability, before consideration 
of systematic effects, is small. We have tested the 
sensitivity of the result to various systematic effects- 
changing the energy scale of the calorimeter by i 10% 
when calculating the expected distributions, assuming 
different values for the @ scale for ~1, in the Vecbos 
calculation, and using different assumptions for the 
fragmentation of the outgoing partons. These tests 
do not yield a significant change in the fraction of 
QCD produced W + jet events expected with ln(rL) > 
0. Quantitative evaluation of the probability that 
the observed distribution is a background fluctuation, 
including systematic effects and variation in the cuts, 
will be reported in the near future. 

In the control sample, shown in Figure 13, the 
number of events with In(rL) > 0 is consistent with 
the presence of ti production, but any exce~~ over 
that expected from W + 2 3 jets is not statistically 
significant. 

In the next section, we study the presence of b tags 
to determine whether or not the exce~~ of events at large 
In(rL) in the signal sample are most likely due to top 
production. 
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3.2. b-tags 

As mentioned above and described in [l, 21, evidence 
for bquarks in the final state can be provided by the 
existence of a reconstructed secondary vertex or by the 
presence of a “soft” lepton in the event. Four of the 
15 events in the signal sample have an SVX tag and 
their distribution as a function of In(rL) is shown in 
Figure 14. The estimated number of tags expected in 
the absence of top production is shown by the shaded 
region. Similarly 4 of the 15 events include a soft- 
lepton tag (SLT) indicating the presence of a b-tag. 
The expected number of SLT tags in the absence of top 
production is of order one event. 

3.3. Presence of a 4th jet 

If the events with In(rL) > 0) are due to ti, one would 
also expect a substantial fraction to include a fourth 
jet: according to the Herwig Monte Carlo approximately 
80% of top events will include a fourth jet with Et > 15 
GeV (corrected energy} while the-expected fraction for 
W + 2 3 jet events is much lower, approximately 30% 
due to the small value of a,. We find that 7 of the 
10 W + > 3 jet events with In(rI,) > 0 have a 4th 
jet while none of the 5 events with InrL < 0 do. Of 
these seven events, three have an SVX btag and three 
have a soft lepton tag. A W + 4 jet Monte Carlo, 
normalized so that it predicts 5 W + > 3 jet events 
with In rL, < 0, predicts of order 1 W + <jet event with 
InrL > 0. The fact that seven of the 10 W + 2 3 jet 
events with ln(rL) > 0 have a fourth jet, and that there 

is a total of six b tags among these seven events, is a 
strong confirmation that these events are indeed from ti 
production. 

4. Conclusion 

In a search for the top quark, [l, 21, the CDF experiment 
has observed 10 W + 2 3 jet events in which a secondary 
vertex or low 9 lepton indicates the presence of a b 
quark. Three events exhibit two such b-quark tags. The 
experiment has also observed two events with two high 
4 leptons and large missing ET. The probability that 
this observation is due to a background fluctuation is < 
0.26%. Seven of the ten W+ 2 3 jet events include a 
fourth jet, and a detailed fit indicates that each of th-e 
events is consistent with coming from ti production. 
The best estimate of the top quark mass, based on these 
events, is Mt = 174 i 10::; GeV/cz. 

We have also searched for evidence of top quark 
production based on the kinematic properties of W+ 2 
3 jet events without requiring a b-tag. For this study 
we impose slightly different selection criteria using 
corrected jet energies. We divide the sample into a 
signal-enriched (top quark) and background enriched 
(W+ > 3 jet) sample and define a relative likelihood 
(rL) that determines whether a given event fits better 
the tf or W + 2 3 jet hypothesis. We find that the 
background-enriched sample and a W + 2 2 jet sample 
are consistent with the expectations for W + n jet 
events, while the signal sample has an excw of events 
with large jet energies (large relative likelihood for top 
production). Five of the ten events at large rL contain 
a b quark tag. Seven of the events also include a fourth 
jet. The presence of the b quark and the fourth jet 
provide strong supporting evidence that the excess of 
events at large rL are indeed from tt production. The 
5-10 fold increase in data from the present run should 
allow a more precise determination of the top quark 
mass and a refinement of the techniques for selecting 
enriched samples of top quark events. 
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